Ultrasonic Inspection, Material Noise and Surface Roughness by Bilgen, Mehmet et al.
ULTRASONIC INSPECTION, MATERIAL NOISE AND SURFACE ROUGHNESS 
Mehmet Bilgen and James H. Rose 
Center for NDE 
Iowa State University 
Ames, IA 50011 
Peter B. Nagy 
Department of Welding Engineering 
Ohio State University 
Columbus, OH 43210 
INTRODUCTION 
The ultrasonic detection of subsurface flaws, such as 
cracks or voids, may be greatly degraded by the presence of 
rough surfaces [1,2]. The loss of signal-to-noise arises for 
three reasons. First, the randomization of the phase of the 
wave by the roughness may reduce the phase coherent signal from 
the flaw. Second, additional noise is generated directly by 
the reflection of the incident beam by the rough surface. 
Finally, the material noise is modified. 
We focus on the changes in the material noise, which for 
structural metals is generated primarily by the backscatter 
from the polycrystalline microstructure. Increased roughness 
tends to randomize the wavefield. Consequently, the phase 
coherent detection of scattering from surfaces and large flaws 
is decreased. It might be supposed that the material noise 
might also be decreased by the randomization of the wavefield. 
However, this is not the case. The material noise is sometimes 
increased and at other times decreased by the presence of 
roughness [1]. The change in the material noise is relatively 
small for surfaces of interest to NDE (typically several dB). 
In this paper we present the following results. First, 
an experiment shows that the material noise can in fact be 
enhanced by surface roughness. Second, the Boundary Integral 
Equation (BIE) method is used to analyze the change in 
backscatter noise. In previous work, [1], the effects of 
surface roughness were included via the phase-screen 
approximation (PSA). Both the BIE and PSA predict the 
backscattered noise as a function of time (or, roughly the 
depth into the sample). Third, we find that the BIE and PSA 
results are very nearly the same to within an overall constant 
of proportionality. That is, the simple and easy to use phase-
screen approximation yields nearly exact results aside from an 
overall constant. 
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EXPERIMENTAL OBSERVATION OF INCREASED BACKSCATTER 
In the experiment, a broadband, immersion transducer with 
a diameter of 1.27 cm and a center frequency of 15 MHz was 
oriented normally at 3.2 cm standoff to the surface of a 
rectangular, flat (10 cm x 10 cm x 5 cm) aluminum plate. One 
surface of the plate was roughened by shot peening. The 
surface roughness can be roughly described as resulting from 
overlapping hemispherical bosses. The r .m. s. roughness, h, of 
the surface was 25 ~m. The autocorrelation function of the 
surface was measured and found to be nearly isotropic. The 
correlation length, L, was estimated by fitting a Gaussian 
function to the autocorrelation function, and L = 2.415 mm. 
The signal was recorded when the transducer was facing 
the roughened side of the sample. It was also recorded when 
the transducer was facing the smooth surface. Time-gating was 
employed to remove the echo due to the water-solid interface, 
and to obtain measurements characteristic of the microstructure 
of the sample's interior. The signal was filtered to a 1 MHz 
bandwidth, and recorded for frequencies between 12 and 18 MHz. 
The square of the filtered signal (at each frequency) was 
taken. Next, the squared signals were spatially averaged over 
the 5 cm by 5 cm surface of the sample in order to obtain the 
backscattered noise. 
The averaged material noise measured through the rough 
surface will be denoted NR(t), while that measured through the 
smooth surface will be denoted by NS (t). The ratio of these 
two quantities is defined to be the normalized backscatter 
noise 
Q.is greater than one if the roughness enhances the material 
noise and less than one if it decreases the material noise. 
(1 ) 
Fig. 1 shows Q(t) as measured at 12, 15 and 18 MHz and 
clearly shows the predicted enhancement of the material noise 
due to surface roughness. The increased noise is on the order 
of 2 or 3 dB, and has its maximum at a time 52 ~s, which 
corresponds to a depth d = 2.8 cm below the surface of the 
aluminum plate after accounting for the travel path in water. 
To within experimental error the signal is independent of 
frequency. We note that the maximum in the signal occurs at a 
time that can be estimated by considering the hemispherical 
bosses on the surface to be focusing lenses. The focal length, 
estimated from the radius and the depth of the bosses, is 
roughly 2.5 cm which is close to the experimental result, 2.8 
cm. 
MODELS FOR THE EFFECTS OF SURFACE ROUGHNESS ON BACKSCATTER 
The basic theoretical model will be introduced in this 
section. The problem can roughly be divided into two parts. 
First, the wavefield changes as it transmits through the rough 
surface and propagates into the solid. Second, the beam 
interacts with the solid's microstructure and acoustic energy 
is backscattered. We focus our attention almost entirely on 
the first part, changes due to the transmission and propagation 
of the beam. The interaction of the beam with the 
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Fig. 1. Experimental normalized backscatter power as a 
function of time. Dotted line - 12 MHz, Solid line - 15 MHz and 
dashed line - 18 MHz. 
microstructure is modeled in the most trivial way possible. 
Namely, we assume a scalar model for the longitudinal waves, 
and approximate the noise via 
(2 ) 
Here, ~ denotes the power backscattered per unit volume, while 
Z denotes the normal to the surface. The delta-function 
restricts the integration to the plane defined by z· r = d , 
where d is the depth below the surface. The subscripts Rand S 
denote the .transmission through the rough and through the 
smooth surfaces. Finally, UO denotes the wavefield at a point 
below the surface in the absence of microstructure (i.e. for a 
completely uniform plate). Equation (2) can be derived from the 
volumetric form of the reciprocity theorem by assuming small 
microstructures, weak scattering and no acoustic attenuation. 
The effects of surface roughness on the material noise is then 
estimated from normalized backscatter coefficient Q, which is 
defined in Eq. (1) as the ratio of NR and NS. 
BIE AND PSA CALCULATIONS OF NORMALIZED BACKSCATTER COEFFICIENT 
The normalized backscatter coefficient Q was calculated 
using the Boundary Integral Equation method [3] and will be 
reported for a variety of random one-dimensional (i. e. randomly 
rippled surfaces) surfaces. These BIE calculations will be 
compared to the normalized backscatter coefficients that were 
calculated using the phase-screen approximation as reported 
last year [1]. The results of the two methods are surprisingly 
similar. Consequently, the PSA can, after suitable correction, 
be evaluated for problems that are too numerically demanding 
for the BIE method. In the calculations presented below, the 
surface profiles are constructed to have a height distribution 
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that is described by Gaussian statistics of zero mean, r.m.s. 
height h, and a Gaussian autocorrelation function with 
correlation length L. 
The BIE approach was used as a benchmark calculation 
since it provides numerically exact results (within the scalar 
model of a uniform rough plate) for the transmitted wavefield 
at the surface of the sample. The phase-screen approximation 
(PSA) is, on the other hand, much simpler, less computationally 
demanding, and identifies the basic physics. The PSA assumes 
that the only effect of the roughness is to change the phase of 
the transmitted wave. The amplitude of the transmitted wave is 
assumed to be unchanged. The phase change is predicted on the 
basis of geometrical optics and the transmitted wave is given 
by . 
Here, s(x) denotes the surface height at x, while ks and kw 
denote the wave vectors in the solid and in water. 
(3 ) 
The wave field was propagated into the sample using a 
modal expansion once the value at the surface (z=O) was 
calculated. Explicitly, the field at a depth z was calculated 
via 
where 
U(W,X, z) = _i_1M dqu(w,q,O-)exp(iqx)exp(-i~ e - q2 z), 
2n _M 
U(W,q,O-) = f dxu(w,x,O-)exp(-iqx). 
( 4 ) 
(5 ) 
Equations (4) and (5) were evaluated using fast Fourier 
transforms and provide a simple and convenient method for beam 
propagation studies. 
The PSA, as expected, was found to yield correct answers 
when the correlation length was much longer than the wavelength 
and both were much larger than the r .m. s. height. We performed 
a series of studies when these conditions were violated, and 
compared the PSA with the "exact" results of the BIE. Figure 
(2) shows calculations of the normalized backscatter power as a 
function of depth (2 d I c = t, c = 6300 mls ) at 10 MHz for 
h=50 /lID and L=750 11m. The dashed line represents the PSA and 
the solid line is the BIE calculation. As can be seen the two 
calculations have nearly the same dependence on depth. When 
the two results are divided it becomes evident that they are 
very nearly proportional. Similar results to those shown in 
Fig. 2. were obtained for a wide variety of surface profiles. 
Thus, the simple phase screen approximation is found to very 
nearly give the exact result aside from a constant of 
proportionality (a difference in the transmission coefficient). 
The PSA has been shown to describe the most important 
effects of rough surfaces on the ultrasonic inspection of flat 
plates [1,2]. However, as currently used, it is an 
uncontrolled approximation; we have no systematic manner of 
determining the errors that are introduced, nor do we 
understand how these errors change for different parts. For 
example, "Is the PSA useful if the part has curved surfaces?" 
The close agreement between the "exact" BIE results and the PSA 
suggests that examination of their differences may lead to an 
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Fig. 2. Normalized backscatter power,. Solid line - BIE 
result, Dashed line - PSA result and dot-dashed line the 
ratio of BIE to PSA. 
understanding of the PSA results and a method for correcting 
them. To this end, we will present a parametric study of the 
constant of proportionality between the PSA and BIE results. 
We hope that this study will guide us in developing corrections 
to the PSA. 
The functional dependence of the constant of 
proportionality on the r.m.s. height, the correlation length 
and the wavelength were studied numerically by comparing BIE 
and PSA calculations for randomly rippled surfaces. We found 
that the constant of proportionality,C, can be empirically fit 
by 
C = 1 + 16(h / L)2{cos(.6) - exp(-.5k, L)cos(. 75k,L+.6)} (6 ) 
Figs. 3a,b,c compare the empirical formula (solid lines) with 
the calculated results (symbols) for the constant of 
proportionality. Fig. 3a. shows the dependence of the constant 
on the r.m.s. height, while Fig. 3b. shows the inverse 
dependence on the correlation length. Fig. 3c. shows the 
frequency dependence of the constant for two different 
correlation lengths. The location of the peak is proportional 
to ksL; at high frequency, the curves approach to different 
constants. As seen from these plots, the above equation 
captures the essentials of the functional form of the constant. 
The phase screen approximation ignores roughness-induced 
changes in the amplitude of the transmitted wave; it only 
corrects for the phase variation. The next most important 
correction will be to adjust for the overall amplitude of the 
transmitted wave, which will be more important for shorter 
correlation lengths. 
COMPARISON WITH EXPERIMENT 
The experiment mentioned above was simulated and the 
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results are shown in Figs 4a,b. The PSA was used due to its 
simplicity, which allowed us to model the two dimensional 
nature of the sample's surface profile. The two-dimensional 
surface profile of the sample was measured, and used to compute 
the phase shifts used in the PSA. We modeled a piston 
transducer probe, as well as a series of less abrupt profiles 
(including two with a Gaussian variation). The incident beam 
is imagined to insonify 10 different locations on the surface 
and the normalized backscatter power was calculated for each of 
these locations. Finally, we spatially averaged the result. 
The dashed lines in Fig. 4a show the theoretical comparison to 
the experimental data for different transducer radiation 
profiles shown in Fig. 4b. As can be seen, when the theoretical 
radiation profile approaches the piston profile, both the 
theory and the experiment predict that the material noise is 
enhanced with a peak near 2 or 3 cm respectively. The 
experimental result is perhaps 50% larger overall than the 
calculation. However, given the small size of the signal, the 
approximate nature of the theory and the difficulty of the 
measurement, we consider the agreement between theory and 
experiment to be adequate. 
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Fig. 4a. Simulates the experiment for several different 
transducer profiles. 4b. Shows the transducer profiles used. 
The broken lines used to define the profiles were also used to 
indicate the backscatter generated from that profile. 
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SUMMARY 
The phase-screen approximation can be used to model the 
interaction of ultrasound with rough surfaces provided the 
height variation is small and the correlation length is large 
compared to the wavelength. The material noise is enhanced for 
early times and decreased for the late times. The agreement 
between theory and experiment lends credence to the model for 
the backscattered power. It was shown that the PSA predicts 
the normalized backscattered power to within an overall 
constant of proportionality. An empirical functional form of 
this constant was presented based on the numerical studies. 
The phase-screen approximation can serve as a powerful 
tool for calculating the transmission of ultrasound through 
random rough surfaces. As a numerical method it will be most 
appropriate for complicated problems such as rough curved 
surfaces, where the BIE is too time-consuming to implement. 
Also, the PSA can serve as an appropriate starting point for 
analyzing the physics of transmission through rough surfaces. 
As we have seen, improvements to the PSA will need to focus on 
corrections to the amplitude of the transmitted wave. The 
phase-screen approximation accurately predicts the effects of 
surface roughness on ultrasonic inspections, and should serve 
as the basic engineering model for this important problem. 
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